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Introduction

Many gas fields in the Rocky Mountain region produce from natural fractures, and the
orientation and concentration of these natural fractures are often the most significant
factors controlling gas production. The primary research goal of this project is the detection
of gas filled fractures using surface seismic P-wave methods. If highly fractured areas can
be located using seismic techniques prior to drilling, it can greatly benefit the field
development of the reservoirs.

This project is in the third year of a three year contract. The study area is a gas field in
Wyoming's Wind River Basin. The target is the Lower Fort Union formation (LFU), at
5,000-10,000 ft (1.6-3.0 km) depth, a non-marine sequence of thin layers of shales, silts,
sands, and a few thin coal units. Commercial production rates are incommensurate with
matrix permeability and matrix porosities. Fracture density is known to be a dominant factor
in well productivity. Matrix porosities range from 2-7% (which are not perceived to
contribute significantly to commerciality) to occasionally 8-16% (which if present will
contribute to commerciality). Matrix permeability from repeat formation tester data in four
wells range from 0.5 md to 10 md, in the LFU formation, with 3-5 md being the median
matrix permeability.

The physical phenomenon that we are exploiting is azimuthal anisotropy. Vertical aligned
gas-filled fractures function as additional ordered compliant members in a host or matrix
rock. The presence of additional ordered compliant members causes azimuthal anisotropy;
that is, the properties of seismic wave propagation (velocity, amplitude, frequency content,
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attenuation, etc.) depend upon the azimuth of the source-receiver raypath. Our task is to
acquire, process, and interpret 3D P-wave multiazimuth data in a manner that records and
highlights the azimuth dependency of various measurements, so that a comparison with
EUR (estimated ultimate recovery) can be made. After a correlation with EUR is made,
maps showing the presence of the well-correlated seismic attributes are prepared.

Approach

Wide-azimuth (source-receiver, S-R) 3D P-wave data were acquired over 37 square miles
(95 square km) by our industry partner. The acquisition parameters included circular
geophone arrays and single-hole dynamite charges, so that this study could have
azimuthally isotropic sources and receivers.

The important azimuths in the LFU were tabulated. @ We documented the dominant
azimuths of maximum horizontal present-day stress, as interpreted from borehole
elongation, and the dominant azimuths of fractures seen in cores and borehole image logs.
A preponderance of east-west (EW) azimuths is observed in these data, although some
scatter exists. The dominant fault azimuth mapped in the 3D-processed data was N100OE
(+5), as shown in Figure 1, a time structure map at the top of the Lower Fort Union level.

The orientation of the P-wave seismic anisotropy was determined by creating supergathers
(bin size 600m by 600m) and with primary sort by azimuth and secondary sort by offset (10
degree slices, from 0° to 180° that is, 18 gathers, with offsets from 15-3050 m). The
analysis of nine azimuth-supergathers established that the seismic velocity anisotropy is
oriented EW / NS; the data provided the clear direction to divide the EW source-receiver
azimuths  (¥45 degrees) from the NS source-receiver azimuths (45 degrees).
Subsequently, we formed two volumes:

1. Source-receiver azimuth parallel to the minimum traveltime direction (fast velocity
direction) which is EW, +45 degrees;

2. Source-receiver azimuth parallel to the maximum traveltime direction (slow velocity
direction) which is North-South, +45 degrees.

Examples of supergathers from this project are found in Lynn et al., “Fracture detection,
mapping, and analysis of naturally fractured gas reservoirs using seismic technology”,
presented at this conference.

Each limited azimuth volume was then processed independently through pre-stack time
migration. Migrated gathers were needed for AVO analysis by azimuth which would directly
tie the maps made on the pre-stack time-migrated data. Each volume had velocities picked
independently on pre-stack time migrated gathers.

Confirmation of the fast P-wave velocity direction was seen in the shear wave arrivals in the
9C VSP: the fast shear wave (S1) azimuth in the LFU of N110E was observed from 1.6 km



(5300 ft) to 2.2 km (7300 ft). Anomalies of 8 -12% S-wave velocity anisotropy were seen in
crossed-dipole S-wave sonic and in the VSP data

Analysis

Transmission anomalies and reflection anomalies were examined. Transmission anomalies
include: interval velocity differences by azimuth; average interval frequency differences by
azimuth. The interval velocity was calculated using the Dix equation for the top 300 msec
(approx. 1500 ft (450 m)) of the LFU. Figure 2 shows the ratio of interval velocities for the
top 300 ms of the LFU, taken as (Int. Vel. NS)/(Int. Vel. EW).

Reflection anomalies that were analyzed at the top LFU reflector include: reflection strength
difference by azimuth; reflector AVO gradient difference by azimuth.

Estimated ultimate recovery (EUR) from the LFU was provided by our industry partner in 19
control wells: 12 commercially productive wells and 7 low- to non-productive wells. The five
seismic attributes evaluated relative to EUR were: the ratio of interval velocity (NS/EW) in
the top 1500 ft of LFU, the difference in interval frequency content (NS-EW) in the top 1500
ft of LFU, the sum of the AVO gradients (NS + EW) at the top LFU reflector, the difference
of the AVO gradients (NS-EW) at the top LFU reflector, and the difference of the reflection
strength (NS-EW) for the top LFU reflector. The azimuthal attribute that correlated best with
commercial production was the ratio of the interval velocity: 10 out of the 12 desirable EUR
wells showed between 0.85-0.95 as the value of the ratio NS interval velocity/EW interval
velocity, with median value of 0.91 (Figure 3).

In the preliminary analysis, an attribute was considered “prospective” if it was associated
with most of the wells with high gas production (EUR >8.0 BCF), in our control set of wells
(Figure 4).

The correlation of “prospective” seismic attributes with the twelve high-production wells, is
shown in Figure 5. This technique is useful for identifying good locations, not for
condemning bad locations (Figure 6).

Figure 7 shows the overlay of the presence of the five prospective attributes, for a portion of
the survey. The time structure map of the top LFU is shown in relief, and the colors are the
weighted value of the “prospective”, or positive, seismic attributes. Of the five positive
seismic attributes, all but the velocity anisotropy were given a weight of 1. The velocity
anisotropy was assigned a weight of 5. Therefore, values of 6, 7, 8 and 9 show where the
velocity anisotropy plus other positive attributes are present.



Modeling and Analysis of AVO (amplitude variation with offset)

Amplitudes are more sensitive than travel times to experiment and environment, being
significantly influenced by source strength, source and receiver coupling and directivity,
spherical divergence, absorption, scattering and multiples, transmission and reflection
coefficients and their variation with incidence angle, anisotropy, and reflector curvature
and rugosity (Sheriff, 1975). As there is both significant anisotropy and reflector
structure in the units of interest in the Wind River Basin, it is prudent to evaluate the
magnitudes of these effects on measured AVO indicators of fracturing and/or gas
concentration.

The approach is to compute synthetic seismograms using the actual 37mi® survey
geometry and seismic structure derived from this experiment. AVO was parameterized
using the standard model R = a + b sin’q and was separated into NS and EW azimuths.
As a preliminary test, flat isotropic layers were modeled using the real survey
geometry. Apparent differences or biases of up to a few tens of percent in AVO
gradient b between NS and EW azimuths were present in this test purely due to the
survey layout: the NS line orientations or elongated receiver patches lead to more
long-offset sampling in this direction and therefore AVO fits are weighted differently in
long and short directions. Because R = a + b sin’q is an imperfect model, with an error
varying systematically with incidence angle (offset), the two azimuths show different
AVO, with magnitudes smaller in the long direction.

Complex structure scatters seismic energy, broadening the amplitude response at any
incidence angle. This greater scatter in the AVO data lowers the estimated magnitudes
of a and b. Anisotropy has profound effects on the sign and magnitude of AVO
gradient: for a positive impedance contrast, layering anisotropy above the reflector
(isotropic below) results in large negative b, whereas vertical-crack anisotropy below
the reflector (isotropic above) causes weakly negative or slightly positive gradients.
These variations can be understood in terms of the change in Poisson's ratio s as a
function of incidence angle for fluid-filled cracks: s increases for raypaths in the slow
(crack-perpendicular) direction. Therefore an overlying layering anisotropy will have a
higher s in this upper layer at near offsets, whereas an underlying vertical-crack
anisotropy will have a higher in the lower layer at far offsets. Ostrander (1984) showed
that a decrease in s across an interface is accompanied by a negative AVO gradient,
whereas a positive change in s results in positive b. These cases correspond to the
overlying layering anisotropy and underlying vertical anisotropy, respectively. Because
the near-offset response is larger than that at far offsets, the

effect of overlying layering anisotropy dominates when combined with underlying
vertical anisotropy, yielding a relatively large negative AVO gradient.

Although significant effects of structure and anisotropy are evident, the azimuthal
differences in these models are still comparatively modest, averaging several tens of
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percent. However, individual bins can nonetheless show azimuthal variations up to a
few hundred percent; these locations must then be identified as potential sites in the
actual AVOA data that are strongly influenced by survey geometry, structure, and/or
anisotropy and should be interpreted with caution. To date we have found no serious
discrepancies with the data; ongoing effort includes subtraction of the best structure /
anisotropy model from the AVOA data to test for improved correlation with gas pay.

Results To Date

The search for areas of high fracture density in a naturally fractured gas reservoir is
accomplished by searching for areas of additional ordered compliance. In this Wind River
project, rocks that appear (seismically) more compliant in the NS azimuth but stiffer in the
orthogonal azimuth (EW) are interpreted to contain EW-trending gas-filled vertical aligned
fractures. From previous work, it has been established that the greater the magnitude of the
shear wave seismic anisotropy, the greater the magnitude of the fracture density (Crampin,
1985). Lynn et al. (1996) showed that the difference in the P-wave AVO gradient by
azimuth is proportional to the magnitude of the shear wave anisotropy. Presented here is
the 3D, P-wave extension of prior 2D evaluations of seismic anisotropy using
multicomponent field data (9C reflection seismic and VSP).

The differences by azimuth (NS-EW or NS/EW) in various seismic quantities as extracted
from two 3D pre-stack time-migrated volumes (acquired at the same time in the field) are
possible indications of P-wave seismic anisotropy. Since different raypaths are involved,
the question of heterogeneity (different rocks) or anisotropy arises, which is the focus of our
future work.

Further Work

A 2 sg. mi. (5.2 sq. km) 3D-3C survey acquired two years ago in the center of this 37 sqg. mi.
(95 sg. km) survey will provide P-P and P-S events that will help evaluate the relationship of
P-wave azimuthal anisotropy to S-wave traveltime anisotropy, and hence the fracture
density. The S-wave polarizations will tell us about the stiff direction in the rock in the last
medium traversed. Layer-stripping and 4-component rotation algorithms applied to P-S data
may help in evaluating the anisotropy present and its manifestations on P-wave multi-
azimuth data.

Benefits

The use of P-waves to detect azimuthal anisotropy represents a significant cost benefit
when compared to the traditional use of shear waves for this purpose. We foresee
reductions in the acquisition cost of multi-azimuth P-wave surveys (as larger and larger
recording channel systems become available), since only conventional seismic sources
and receivers are required. Since some shear wave data are desirable for calibration of the
P-wave data, acquisition of a multi-component VSP or a small patch of converted-wave
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(3C) data is recommended. As successful identification of high fracture density zones can
be made with 3-D multi-azimuth P-wave data plus small quantities of shear wave data, this
technology will have broad appeal to operators in tight gas plays in the Rocky Mountain
basins, as well as other areas.
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Figure Captions

Figure 1. Time structure map on top LFU formation. Faults interpreted from the 3D data
strike approximately N10OE.



Figure 2. Ratio of interval velocities in the top 300 ms (450 m) of the Lower Fort Union.
Warm colors indicate faster velocities EW than NS; cool colors indicate faster velocities NS
than EW.

Figure 3. Interval velocity ratio in top 300 ms of LFU plotted versus well rank. Most of the
top-ranked wells show significant velocity anisotropy (NS/EW less than 0.95)

Figure 4. Success rate of the seismic attributes evaluated in the Wind River study. Of the
attributes evaluated, interval velocity ratio shows the best correlation with gas production.

Figure 5. Seismic attributes observed at the twelve best producing wells, gives an
indication of how well the seismic attributes predict gas production.

Figure 6. Seismic attributes observed at the seven poorly-ranked wells shows that the
seismic attributes do not effectively predict non-production.

Figure 7. Time structure map of top LFU shown in relief with multiple positive seismic
attributes overlain in color. Positive seismic attributes are assigned a weight of 1 with the
exception of interval velocity ratio, assigned a weight of 5.
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